The crystallographic orientation rotation behaviors in aluminum alloys during dissimilar channel angular pressing (DCAP) were investigated. Experiments were conducted to observe the texture evolution due to DCAP. Texture simulation using the full constraint Taylor calculations based on the rate sensitivity model was also carried out both to explain the experimental results and to elucidate the rotation behaviors of the individual orientations due to DCAP.
Introduction
Equal channel angular pressing (ECAP) has received considerable attention due to its ability for imparting large strains into the materials without changing the cross-sectional area of the workpiece. [1] [2] [3] Since the cross-sectional area does not vary significantly before and after ECAP, the multipass operation is also possible, which, in turn, can be utilized to introduce severe plastic strains into the materials. 4) However, ECAP dealt in the earlier studies is neither continuous, nor can handle a long and thin strip, limiting wider applications of this process for sheet production. Recently, Lee et al. 5) introduced a new forming technique, a so-called continuous confined strip shearing (C2S2) process based on ECAP, which enables the production of metallic strips in a continuous manner. The newly developed process was termed dissimilar channel angular pressing (DCAP) to distinguish this technique with the conventional ECAP. 5) To date, the main focus of most researches on ECAP as well as DCAP has concentrated on the process conditions for producing ultrafine-grained structure, [6] [7] [8] the nature of microstructures, [9] [10] [11] and the deformation history during processing. [12] [13] [14] Considering that simple shear is the dominant deformation mode during ECAP (and/or DCAP), 1, 12) these processes can be utilized as a means for promoting specific textures of concern; for example, h111i == ND textures, which are effective for improving the formability of the metallic sheets with a fcc structure, can be generated by applying shear deformation. However, despite the possibility for developing strong shear textures in metallic materials due to the shear deformation, relative few studies on the texture evolutions due to DCAP (or ECAP) have been carried out. [15] [16] [17] [18] In this study, analyses were conducted to investigate the detailed orientation rotation behaviors in aluminum alloys during DCAP; experiments were carried out to observe how the initial textures evolve as a result of DCAP. Texture simulations using the full constraint Taylor calculations based on the rate sensitivity model 19) were performed both to explain the observed experimental results and to study the rotation behaviors of the individual orientations due to DCAP.
Experimental Procedure
A commercial 5 mm thick 1050 Al alloy sheet with the chemical composition of Al-0.24Fe-0.12Si (in mass %) was procured. The specimens having various initial textures were prepared prior to DCAP using the different thermo-mechanical routes as presented in the flow chart of Fig. 1 . Cold rolling was carried out unidirectionally to a final reduction ratio of 67% with an average reduction ratio of $10% per passage. The prismatic specimens with dimensions of 20ðwÞ Â 1:55ðtÞ Â 300ðlÞ mm 3 were cut out from the rolled and/or the heat treated sheets with their long axes parallel to the rolling direction. The strips were then fed into the C2S2 machine (Fig. 2) at a speed of $10 cm/s. 5) As defined in Fig. 2 , the oblique angle (È), which is the intersecting angle of the inlet and the outlet channel, and the curvature angle (É), which is the outer corner angle of the channel, of the DCAP die were 120 and 0 , respectively. The forming die used in this study is equipped with two Fig.  2(a) . When the work piece having the initial thickness of 1.55 mm was fed through the feeding rolls, the work piece is reduced into 1.45 mm thick strips upon escaping the roll gap and proceeds along the die gap toward the forming zone.
Once the strip passes through the forming zones, where the inlet and the outlet channels intersect, and exit through the outlet channel, it retains its initial thickness (1.55 mm). The fact that the thickness of the metal strip retains its initial thickness upon exiting the die makes the multipass operation possible in a continuous manner. The specimens before and after DCAP were prepared to evaluate textures by X-ray diffractometry. To avoid possible changes in textures during preparing the samples by mechanical polishing, the specimens used for evaluating the texture development were chemically thinned to half the thickness of the specimens in a NaOH solution at 60 C. The textures of the samples were determined by measuring pole figures by means of an automated X-ray goniometer of the Xray diffractometer (Philips X'Pert) with Cu-K radiation. To be consistent with rolling, the long axis of the strip along the direction of DCAP is referred as RD, while the transverse direction parallel to the surface of the strip is defined as TD. Three sets of {111}, {200}, and {220} pole figures corresponding to each sample were measured using the Schültz reflection method. 20) The orientation distribution functions (ODFs) were calculated from three incomplete pole figures according to the WIMV method.
Results
Figure 2(b) is the optical micrograph recorded from the side surface of the strip processed by DCAP, showing how the strip underwent shear deformation. As seen in Fig. 2(b) , the shear deformation introduced into the specimen was observed to be relatively uniform throughout the thickness direction except those regions close to the bottom surface of the strip. In addition, texture measurements using X-ray diffractometry showed that textures determined from several surfaces parallel to the surface of the strip through the thickness direction were very similar. Therefore, textures measured from half the thickness of the specimens can be considered to represent those developed in the strips processed by DCAP.
Shown in Figs. 3-5 are the ODFs obtained from the three different specimens, i.e., the cold rolled, the heat treated, and the as-cast specimens before and after DCAP. ODFs of the specimens prior to DCAP were calculated using the orthorhombic sample symmetry. On the other hand, the ODFs of the specimens after DCAP were calculated using the monoclinic sample symmetry, since the texture symmetry with respect to the TD is not maintained after DCAP. 13) In the cold rolled specimen, as seen in Fig. 3(a) , the presence of a strong -fiber texture (such as f123gh634i S, f112gh111i Cu, and f110gh112i Bs texture) was noted. However, these textures were completely disappeared after DCAP, while new textures, i.e., a very strong f001gh110i rotated cube texture that was deviated about 15 from the ideal position in ODF and a weak f111gh112i texture, were developed. In the heat treated specimen, a strong f001gh100i cube texture and R-texture (retained f123gh634i S and f112gh111i Cu texture) were observed to be present in the specimen prior to DCAP as shown in Fig. 4(a) . These textures, however, were evolved to the f001gh110i rotated cube texture, the f111gh112i texture, the f110gh110i rotated Goss texture, and the f012gh021i texture after DCAP as in Fig. 4(b) .
In the as-cast specimen, the -fiber texture, the f110gh100i Goss texture, and the weak f001gh100i cube texture were observed from the specimen prior to DCAP as in Fig. 5(a) . However, unlike the results obtained from the cold rolled and the heat treated specimens, the strong f111gh112i texture, which has been well known as a texture component enhancing deep drawbility and reducing planar anisotropy 21) was developed.
A careful observation of the results obtained from this study showed that both the h111i == ND textures and the f001gh110i rotated cube texture were developed due to DCAP regardless of the initial texture status. However, it should be noted from Figs. 3-5 that the dominant texture types resulted by DCAP were strongly dependent on the initial texture status prior to DCAP. Therefore, simulations were conducted both to study the effects of the initial textures on the texture evolutions during DCAP and to elucidate the rotation behaviors of the individual orientations due to DCAP.
Discussion

Texture simulation
It has been described that the texture evolution due to DCAP is far from that due to ECAP, since the deformation behavior during DCAP is not similar to that characterized by ECAP but very close to the ideal simple shear deformation. 22) To see if the experimental ODFs agree to the results predicted based on the ideal simple shear deformation, simulation has been carried out by using the full constraint Taylor calculations based on the rate sensitivity model. The textures obtained from the three different specimens, i.e., the cold rolled, the heat treated, and the as-cast specimens, as shown in Figs. 3(a) -5(a) were used as the initial textures for the calculations. 1000 crystallographic orientations based on the experimental results obtained from the three different specimens were generated before the analyses. The strain rate sensitivity of 0.05 was adopted since it is typical for aluminum at room temperature. 23) It is assumed that, according to the numerical analysis 14) and the experimental observation, 24) a shear strain () of 1.0 was imparted into the specimens. Figure 6 shows the ODFs predicted based on the simple shear deformation by using the three different initial textures. As shown in Fig. 6 , major texture component in the three different specimens after deformation was the same to be the 
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f001gh110i rotated cube texture. The relative intensities of the other texture components such as h111i == ND and f112gh111i to the f001gh110i texture were very similar to those measured experimentally, i.e., the differences in ratios of the intensity of the h111i == ND or f112gh111i texture with respect to that of the f001gh110i rotated cube texture in the predicted and the experimental ODFs were insignificant. Therefore, the good overall agreement between the experimental and predicted textures is reasonable, which leads to the fact that the deformation behavior due to DCAP is very close to the ideal simple shear deformation.
Rotation behaviors of the individual orientations
It has been reported from the earlier studies that some texture components, such as f001gh110i, h111i == ND, and f112gh110i, are developed with ease in various Al alloys processed by ECAP (or DCAP). [15] [16] [17] [18] Therefore, it is of interest to study how these textures are developed after DCAP (or under simple shear), since the results can be used to select the initial orientations that facilitate the textures of special concern. In this study, rotation behaviors of the individual orientations due to DCAP (or under simple shear) were analyzed using the full constraint Taylor calculations based on the rate sensitivity model. Calculations were carried out assuming simple shear, and the details regarding the calculation are the same with those described in section 4.1. ODF space was discretized at 5 interval, and the corresponding orientations were used as the initial orientations for the calculation. The orientations transformed by simple shear were also displayed in ODF space, where all the orientations having the misorientation angle of 5 with respect to the ideal position of the specific orientations were regarded as the same orientations. The orientations symbolized by the solid diamond are the initial textures prior to DCAP, which are eventually evolved to the f001gh110i rotated cube texture. Therefore, the f123gh634i S texture, a representative texture component among the orientations symbolized by the solid diamond, is considered to rotate to the f001gh110i texture under simple shear ( ¼ 1). Another interesting fact is how the f001gh110i rotated cube texture changes its orientation under simple shear. Considering that the f001gh110i texture did not vary its orientation even after DCAP, the f001gh110i texture is thought to be stable under the simple shear deformation, i.e., DCAP.
The orientations symbolized by the solid triangle are those textures, which are believed to be evolved into the h111i == ND textures after DCAP. According to the results in Fig. 7 , the f110gh100i and the f112gh111i textures, the representative textures among the orientations symbolized by the solid triangle, are thought to rotate to the h111i == ND textures after DCAP. Likewise, the f110gh112i, the f015gh051i, and the f001gh100i orientations are considered to be the initial textures of the f112gh110i, the f110gh110i, and the f012gh021i orientations resulted by DCAP, respectively. The orientation rotation behaviors during the simple shear deformation discussed so far are summarized in Table 1 .
The texture evolutions observed from the three specimens used in this study (Figs. 3-5) , therefore, can be wellexplained based on the simulation results in Fig. 7 ; in the cold rolled specimen (Fig. 3) , the texture evolution due to DCAP was responsible for the rotations of the f123gh634i S and the f112gh111i Cu textures into the f001gh110i and the h111i == ND textures, respectively. In the heat treated specimen (Fig. 4) , the f001gh110i rotated cube texture, the f111gh112i texture, the f110gh110i rotated Goss texture, and the f012gh021i texture developed in the specimen processed by DCAP were considered to be originated from the f123gh634i, the f112gh111i, the f015gh051i, and the f001gh100i orientations present in the specimen prior to DCAP, respectively. In the as-cast specimen (Fig. 5) , the development of the strong f111gh112i texture during DCAP is considered to be due to the rotations of both the f112gh111i and the f110gh100i textures, while the development of the f112gh110i> texture is resulted by the rotation of the f110gh112i Bs texture. From the results obtained from this study, it was observed that the intensities of the texture components developed in the specimens processed by DCAP are strongly dependent on the initial texture status. Therefore, to develop specific texture components of concern using deformation process such as DCAP, controlling the initial texture via appropriate thermo-mechanical treatments is inevitable. More detailed studies on the orientation rotation behaviors are to be performed in the future.
Conclusions
The orientation rotation behaviors in aluminum alloys during DCAP were investigated using the experiments and the texture simulations. The obtained results were summarized as follows. (1) Although the h111i == ND textures and the f001gh110i rotated cube texture are developed due to DCAP regardless of the initial texture status, the intensities of these textures due to DCAP are strongly dependent on the initial textures prior to DCAP.
(2) The f001gh110i texture developed in the specimens processed by DCAP principally comes from the f123gh634i S texture developed easily in rolled and/or heat treated specimens prior to DCAP, and the f112gh110i texture stems from the f110gh112i Bs texture shown in rolled or as-cast specimens.
(3) Development of the h111i == ND textures in the specimens processed by DCAP is due to rotation of the f110gh100i Goss texture or the f112gh111i copper texture into the h111i == ND textures during DCAP.
